Abstract. This paper presents a new wet etching technique for micromachining called single-step electrochemical etching for micro structures (SEEMS), which is based on electrochemical etching in hydrofluoric acid. During the etching, the shape of the etched structure can be controlled by changing the light intensity. Several problems involved in the SEEMS process had to be solved. The two main problems are, firstly, that over-etching can be seen at the clamping point of the free standing beam and, secondly, it is difficult to remove large areas. These problems can be considerably reduced by an improved mask layout and a perforated mass supported by a single cantilever can be achieved. In addition, a new initial pit formation is demonstrated to make structures which are free from crystal orientation of silicon substrate.
Introduction
Electrochemical etching in hydrofluoric acid (HF), which is the basic technique for the single-step electrochemical etching for micro structures (SEEMS) process, has been studied since the 1950s [1, 2] . Much attention has been paid to the formation mechanism and the properties of porous silicon [3] . During the 1990s, microporous silicon has been used for micromachining as a sacrificial layer for surface micromachining [4, 5] , since the selectivity of porous formations against p-type and n-type silicon is extremely high and the microporous silicon can be removed by KOH at room temperature. More recently, macroporous silicon, with a diameter larger than 50 nm, has been proposed for use in microelectromechanical systems (MEMS) processing [6] . However, the fabrication of mechanical structures using this macroporous silicon formation technique has not been studied thoroughly [7] . Using this wet etching technique, trench structures with an aspect ratio greater than 60, and free standing beams made of single crystal silicon, have been demonstrated [8] . In this work, some of the problems which are found in the SEEMS process have been solved and the process has been applied to the fabrication of an accelerometer. The features of the SEEMS process and the beam-mass structure are given in this paper. § Present address: Texas Instruments Holland, Kolthofsingel 8, 7602 EM Almelo, The Netherlands.
The SEEMS process
The two main techniques commonly used in micromachining are bulk micromachining and surface micromachining; both have advantages and disadvantages. In bulk micromachining, structural parts are made of single crystal silicon, which has good mechanical properties. However, the structural shape is restricted by the crystal orientation of the silicon substrate. For example, the anisotropic etching for the (100) wafer is stopped at the (111) planes which are slanted at 54.7
• . Surface micromachining, on the other hand, has greater freedom of design and uses a smaller chip area. However, the mechanical properties of the materials used are highly dependent upon the processing, and the small gap between mechanical parts and the substrate can lead to sticking problems.
The SEEMS process solves many of these problems. In this process, one mask is needed to fabricate free standing structures made of single crystal silicon. The basic technique of the SEEMS process is electrochemical etching in HF, which has been used for macroporous silicon formation [9, 10] . Electronic holes are needed to form macropores in the silicon substrate. In n-type silicon, electronic holes are a minority carrier, so they must be generated by illumination from the rear side of the sample. The electronic holes generated in the rear side of the sample diffuse to the front and reach the pore tips and, thus, straight holes or trenches can be achieved in n-type silicon. In this etching process, the hole diameter and the trench width are controlled by adjusting the light intensity during the etching, which is one advantage of this etching technique. A stronger light intensity makes more electronic holes. The additional electronic holes are not used to increase the vertical etch rate but to enlarge the hole diameter and the trench width [7] . If the light intensity is increased after making straight holes and trenches, the hole diameter and the trench width are increased under the structural parts without affecting the existing structures. The connection of the holes and the trenches under the structural parts can be achieved and, thus, perforated membranes or free standing beams can be obtained with one mask.
A sketch of the electrochemical etching set-up is given in figure 1 . The set-up consists of the outer HF bath and the inner sample holder. The inner sample holder has a hole to illuminate the rear side of the sample with a white light (150 W at maximum), the intensity of which can be varied. A copper strip is put around the hole to make an electrical connection to the sample, which is 10 mm by 10 mm and fixed by silver epoxy. A platinum grid is used for a counter electrode and a constant positive voltage is applied to the sample against the counter electrode. The current is adjusted by the light intensity and monitored by an amperemeter.
The basic process flow for the SEEMS process is given in figure 2 . The starting material is n-type (100) silicon with a 10 14 cm −3 phosphorus doping concentration. In order to obtain a good ohmic contact between the copper strip and the rear side of the sample, an n+ layer was formed on the rear side of the sample by ion implantation. Then, silicon nitride was deposited and patterned to define initial pits by KOH etching. Vertical walls were formed by electrical etching using the set-up shown in figure 1. After the desired depth was obtained, the current density was increased by increasing the light intensity. The width of the holes and the trenches increased, and the holes and the trenches were connected under the structural parts. Thus, due to a large gap, perforated membranes and free standing beams were fabricated without any sticking problems. The electrochemical etching conditions were 5% HF used as the etchant [7] and 0.5 volts applied to the sample.
The advantages and disadvantages of the two conventional micromachining techniques and the SEEMS process are listed in table 1. It is shown that the SEEMS process has clear advantages over the other techniques. The structures fabricated by the SEEMS process maintain the good mechanical properties of single crystal silicon with lateral dimensions similar to surface micromachining. In the SEEMS process, the mass structure has to be perforated in order to be etched under the structure, thus reducing the mass for a given area. No sticking problem exists in the SEEMS process or bulk micromachining, due to a large gap between the structural part and the substrate.
The SEEMS technique is extremely simple and can be applied as a post-processing step and it is therefore fully compatible with the electronic circuitry. The remaining problem is to protect the areas of electronics and metallization from the HF etchant, although this can be achieved by employing Cr-Au as an interconnecting layer or by using an ammonium fluoride etchant instead of the HF etchant [11] .
Fabrication of a beam-mass structure using the SEEMS process
The many advantages of the SEEMS process can be seen in table 1. On the other hand, the SEEMS process has some problems connected with the etching mechanism as follows.
(1) Over-etching can be seen at the clamping point of the free standing beams. (2) From a theoretical point of view, it is difficult to remove large regions or to make one hole in a large area.
Many of these problems must be solved in order to apply the SEEMS process to the fabrication of devices and accelerometers.
Over-etching
In the electrochemical etching for n-type silicon, electronic holes which are consumed by etching are supplied by illumination from the rear side of the sample. The electronic holes generated at the rear of the anchor region diffuse to the surface. However, no electronic hole is consumed at the anchor, since the anchor region is covered with the SiN mask. Thus, the electronic holes move to the outer side of the anchor region [12] . The current density increases locally at the edge of the anchor region and, thus, the clamping point of the cantilever is over-etched. To solve this problem, small etching holes are located at the edge of the anchor region. The clamping point of the cantilever is shown in figure 3 , where over-etching cannot be seen. The excess electronic holes are consumed at these holes in the anchor region. Using this improved mask layout, over-etching at the clamping point is nearly eliminated.
Removing large areas
It is difficult to uniformly etch down a large area, such as 100 × 100 µm, by electrochemical etching, because the random macropores are fabricated in the large area where the SiN masking layer is not formed. In order to apply this etching technique for inertial sensors, some space is needed beside the free standing mass and beam of the sensor structures when acceleration is applied to the mass. Considering the difficulty of making large holes, the large area should be removed block by block. The initial pits and the removed area are shown in figures 4(a) and (b). The initial pits are formed inside the rectangular frame, as shown in figure 4(a) . After increasing the light intensity, the holes and the frame are connected under the perforated block and the block can be removed from the substrate, as shown in figure 4 (b).
Fabrication of an accelerometer structure
In the previous sections, solutions to some of the problems involved in the SEEMS process have been discussed. Using this improved SEEMS process, a beam-mass structure was fabricated and a process for the fabrication of an inertial sensor, such as an accelerometer, is proposed and shown in figure 5 . The free standing perforated mass is supported by a single cantilever in which the p-type piezoresistor is formed at the end of the cantilever. An accelerometer formed by this process is shown in figure 6 . On a (100) n-type silicon wafer with an n+ layer on the rear side, p+ boron ion implantation was performed to form a piezoresistor, followed by p+ boron ion implantation for the metal connection. A 0.3 µm thick layer of LPCVD SiN was then deposited and patterned to make a contact hole through the p+ boron area. Cr and Au were evaporated to form the contact pads and interconnecting layer. The SiN was patterned to make initial pits and grooves by KOH etching for electrochemical etching.
Vertical walls were formed by electrochemical etching. After the desired depth was obtained, the current density was increased by increasing the light intensity to connect the holes and the trenches under the structures. The etched bottom is not flat in this technique [8] . In some applications, this will cause difficulties in controlling air damping and overrange protection. In the case of the accelerometer in figure 5 , the mass moves parallel to the substrate and the gap depth between the structures and the substrate can be controlled by the etch time. Therefore, the difficulties mentioned above will not be problems in this case. An SEM micrograph of an accelerometer structure fabricated by SEEMS is shown in figure 7 and a close-up view of the mass and the cantilever are shown in figures 8(a) and (b). The piezoresistor was not formed in this structure. First, the straight holes and the trenches were made using a current density of 32 mA cm for 20 min. In the following step, the current density was raised to 60 mA cm −2 for 10 min to connect the holes and the trenches under the mass and the beam. In figure 7 , the 500 × 1000 µm perforated mass is supported by a single cantilever with a width and a length of 4 µm and 500 µm, respectively. The thickness of the structure is 30 µm and a clear gap between the structure and the substrate can be seen in figures 8(a) and (b). The gap depth is 10 µm and this can be controlled by the etch time. Therefore, the vertical sticking problem is eliminated. 
Structural shape independent of silicon crystal orientation
It has been shown that the initial pit made by KOH etching can be used as the starting point for electrochemical etching [9] . Thus, the location of the electrochemical etching is controlled using this technique. However, the pits and the structural shapes are restricted by the crystal orientation of the silicon substrate. In order to make the initial pits independent of crystal orientation, reactive ion etching (RIE) was employed. SEM micrographs of the initial pits made by RIE and the holes formed by electrochemical etching are given in figures 9(a) and (b). The straight holes can be seen in figure 9 (b) despite the flat bottom of the initial pits in figure 9 (a). The initial pits made by RIE were also used to fabricate the free shape structures shown in figures 10(a) and (b). The initial pits are oriented in the 100 direction in figure 10 (a). The current density used in the formation of the trench structures was 30 mA cm −2 for 15 min. Clear trenches can be seen in figure 10(b) , although the etched surface was slightly wavy. This technique makes it possible to fabricate many structural shapes.
Conclusion
In this paper, the SEEMS process has been proposed as a new wet etching technique for micromachining. This SEEMS process combines many advantages of the bulk and surface micromachining techniques while avoiding many of their disadvantages. Some of the problems which are involved in the SEEMS process have been solved. As a result of these improvements, a beam-mass structure made of single crystal silicon has been successfully fabricated. A total of only four masks are required to fabricate an accelerometer by the SEEMS process. In addition, a new initial pit formation has been demonstrated which makes the shape of the structures independent of the crystal orientation of the silicon substrate. Investigations are continuing into the fabrication and the testing of the accelerometer we are developing.
